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Abstract
This study aimed to test the hypothesis that impairments of temporal duration processing
after frontal lobe lesions reflect deficits in executive monitoring functions rather than a do-
main-specific deficit in the maintenance of duration information in working memory. Patients
with frontodorsal lesions, clinical controls with post-central lesions, and healthy controls
performed recognition and classification tasks, which should allow for testing maintenance
and monitoring functions, respectively. Results showed mild non-selective impairments of the
frontal patients on both temporal and spatial recognition tasks, but a marked selective deg-
radation on temporal classification while performance on spatial classification was unim-
paired. This suggests that maintenance of duration information in working memory after
frontal lesions is basically preserved but that, depending on executive task characteristics,
there is a specific deficit in the strategic organization of this type of information.
 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction
The notion of working memory used here refers to the temporal activation of
neuronal structures mediating the storage and manipulation of information neces-
sary for a large variety of cognitive tasks. A number of studies suggest that, in
working memory, different types of information, such as spatial and object infor-
mation, are processed by different modules, i.e., by functionally domain-specific and
neuroarchitectonically distinct systems (Farah, Hammond, Levine, & Calvanio,
1988; Mecklinger & Pfeifer, 1996; Newcombe, Ratcliff, & Damasio, 1987; Ruchkin,
Johnson, Grafman, Canoune, & Ritter, 1997; Smith et al., 1995; Tresch, Sinnamon,
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& Seamon, 1993; Ungerleider & Mishkin, 1982; Wilson, OScalaidhe, & Goldman-
Rakic, 1993). In contrast, it is less clear, whether the modularity assumption holds
for the processing of temporal information as well.
Temporal information to be encoded in memory has two dimensions—temporal
order and temporal duration information. Temporal duration refers to the storage of
the persistence of a given event or the interval between two successive events; tem-
poral order refers to the storage of the sequential occurrence of events (Nichelli,
1993). In this paper, we will focus primarily on temporal duration, although there is
evidence that the processing of order and duration information might be related
(Boltz, 1993; Miller & Barnet, 1993).
Within the framework of internal clock models (Church, 1989; Gibbon, Church,
& Meck, 1984; Treisman, Faulkner, Naish, & Brogan, 1990; Zakay & Block, 1996),
which describe formal properties of the cognitive processes underlying duration
processing, it is assumed that different components contribute each to a specific
functional level of duration processing. Fundamental to this is the hypothesis that
clock-counter mechanisms monitor the passage of subjective time (clock stage).
Records of accumulated time are transferred to working or reference memory
(memory stage) for later comparison (decision stage). The decision stage compares
current time with remembered time and identifies an appropriate response outcome.
Electrophysiological, neuropharmacological, and lesion data, as well as imaging
studies, have indicated that the neural correlate mediating duration processing
consists of a network of distributed neural systems, involving cerebellum (Casini &
Ivry, 1999; Ivry & Keele, 1989; Jueptner et al., 1995; Nichelli, Alway, & Grafman,
1996), basal ganglia (Gibbon, Malapani, Dale, Corby, & Gallistel, 1997; Hinton,
Meck, & MacFall, 1996; Meck, 1996; Pastor, Artieda, Jahanshahi, & Obeso, 1992;
Rammsayer, 1994; Rammsayer & Lima, 1990), parietal (Cabeza et al., 1997; Coull &
Nobre, 1998), and prefrontal cortex (Casini & Ivry, 1999; Gibbon et al., 1997;
Hinton et al., 1996; Nichelli, Clark, Hollnagel, & Grafman, 1995). Yet, for each of
these structures there is little agreement on their functional contribution to duration
processing and on their involvement in the processing of different time ranges
(Gibbon et al., 1997; Ivry, 1996; Ivry & Keele, 1989; Jueptner et al., 1995; Meck,
1996; Nichelli et al., 1995; Rammsayer, 1994). The precise functional role of the
frontal cortex in particular is a subject of considerable controversy (Gibbon et al.,
1997). Frontal lobe function has been brought in touch in different theories with
clock or counter mechanisms (Grafman, 1989; Miall, 1996; Niki & Watanabe, 1979)
as well as with the memory stage (Mangels, Ivry, & Shimizu, 1998; Nichelli et al.,
1995).
Studies with brain damaged patients provided evidence for prefrontal cortical
involvement in the processing of temporal information in memory (Kesner, Hop-
kins, & Fineman, 1994; Mangels, 1997; Mangels et al., 1998; McAndrews & Milner,
1991; Milner, Corsi, & Leonard, 1991; Nichelli et al., 1995; Shimamura, Janowsky,
& Squire, 1990). Regarding temporal order, several studies indicated a dissociation
of temporal order and item memory (Cabeza et al., 1997; Kesner et al., 1994;
McAndrews & Milner, 1991; Milner et al., 1991; Shimamura et al., 1990). For ex-
ample, the importance of the frontal lobes for temporal order memory is supported
by studies showing that patients with frontal lobe lesions exhibit deficits in tests for
serial order reconstruction (Shimamura et al., 1990) and relative recency judgments
(Milner et al., 1991). As compared to other amnesics, patients with Korsakoff syn-
drome, who suffer from frontal lobe atrophy (Shimamura, Jernigan, & Squire, 1988)
exhibit not only impairment of item memory but also a disproportional deficit on
tests of temporal order memory.
Concerning the processing of duration information, recent electrophysiological
(Casini & Macar, 1996; Elbert, Ulrich, Rockstroh, & Lutzenberger, 1991; Schubotz
& Friederici, 1997) and lesions studies (Casini & Ivry, 1999; Mangels et al., 1998;
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Nichelli et al., 1995) have also emphasized the involvement of frontal brain struc-
tures. For example, in a study using event-related brain potentials (ERP), differently
distributed ERPs were reported for temporal duration and spatial location working
memory tasks with stimulus durations in the millisecond range (275, 300, 570,
650ms). There was a frontodorsal focus on temporal tasks and a parieto-occipital
focus on spatial tasks (Schubotz & Friederici, 1997). Compatible with these results,
we provided evidence for the functional dissociation of temporal duration and
spatial location working memory in intact young adults using a selective interference
paradigm (H€albig, Mecklinger, Schriefers, & Friederici, 1998). Lesion studies sup-
port the notion that the frontal cortex is involved in duration processing (Casini &
Ivry, 1999; Mangels et al., 1998; Nichelli et al., 1995). Using a bisection procedure,
Nichelli et al. (1995) found impaired accuracy on duration discrimination in the
millisecond range (100–900ms) and for longer intervals (8–32 s), but normal per-
formance on a line-length discrimination task.
With respect to other domains, such as spatial and object processing, it has been
proposed that different parts of the prefrontal cortex make distinct contributions to
working memory operations, depending on the informational domain (Goldman-
Rakic, 1994; Wilson et al., 1993; Levy & Goldman-Rakic, 2000). Its domain-specific
components are supposed to be parts of functional networks, each interconnected
with domain-relevant long-term storing sites in posterior cortical regions. According
to this view, domain-specific prefrontal substructures are involved in the activation
and monitoring of information. Considering duration as a stimulus dimension
(equivalent to shape and location), one could be tempted to suppose domain-specific
neural assemblies contributing to duration processing. However, even if there is
considerable evidence that memory for temporal duration depends on the integrity
of the frontal lobes (Casini & Ivry, 1999; Casini & Macar, 1996; Elbert et al., 1991;
Mangels et al., 1998; Nichelli et al., 1995; Schubotz & Friederici, 1997), variability of
lesion size and location in the cited neuropsychological studies do not allow to
identify any specific area within the frontal cortex that is involved necessarily in the
processing of temporal duration information.
Alternatively, another model of prefrontal organization (DEsposito et al.,
1998; Owen et al., 1998; Petrides, 1996; Postle, Berger, & DEsposito, 1999)
suggests a subdivision of the prefrontal cortex depending rather upon the type of
processing than on the informational domain. According to this model, moni-
toring and manipulation of information within working memory depend on the
mid-dorsolateral frontal cortex, whereas maintenance of information involves the
mid-ventrolateral and -dorsolateral frontal cortex (Postle et al., 1999). It is well
established that patients with frontal lobe lesions exhibit deficits in functions re-
lated to the central executive such as attention allocation, inhibition of task ir-
relevant information, set-shifting, strategy use, etc. (Baddeley, 1986; Fuster, 1989;
Smith et al., 1995). Given the involvement of the frontal lobes in executive
monitoring functions, several authors propose that deficits in temporal memory
might be secondary to executive dysfunctions (Casini & Ivry, 1999; Mangels, 1997;
Mangels et al., 1998; Shimamura et al., 1990; Tracey, Faro, Mohamed, Pinsk, &
Pinus, 2000).
Consistent with the latter interpretation, Korsakoff patients show not only de-
graded temporal order memory, but also demonstrate poor performance in learning
and applying rules as indicated by their scores in the Wisconsin Card Sort Test
(Shimamura et al., 1988), and failure to exhibit release from proactive interference
(Squire, 1982). Moreover, as reported recently (Mangels, 1997), memory deficits for
temporal order in frontal lobe patients occur only under intentional and not inci-
dental learning conditions. This suggests that the patients are able to form codes for
temporal information, but seem to have a specific deficit in the strategic organization
of this type of information during encoding and retrieval.
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A study by Casini et al. (1999) supports the hypothesis that defective temporal
processing after frontal lobe lesions is related to executive deficits. When subjects had
to make concurrent judgments on duration and frequency information, frontal lobe
patients were impaired on both tasks, whereas cerebellar patients showed increased
response variability only on temporal tasks. Furthermore, Mangels et al. (1998)
found in a series of experiments that defective duration discrimination in frontal lobe
patients depends on the range of tested durations. Robust deficits were reported only
for long intervals (4 s). These deficits, however, appeared to be non-selective, as the
frontal lobe patients also exhibited working memory deficits on frequency discrim-
ination tasks.
Since deficits in temporal processing after frontal lobe lesions appear to depend on
strategic task demands (Mangels, 1997; Nichelli, 1993; Shimamura et al., 1990), the
observed duration deficits are presumably not related to a disruption of domain-
specific neural assemblies. It is conceivable that defective temporal processing is
secondary to defective strategic monitoring functions (Mangels, 1997; Mangels et al.,
1998; Petrides, 1996; Shimamura et al., 1990).
The aim of the present study was to examine more specifically the hypothesis that
deficits in the processing of duration information in working memory after frontal
lobe lesions reflect a deficit in the strategic organization of information. Using a
lesion data approach, we compared temporal working memory in patients with
frontodorsal lesions restricted to the superior or middle frontal gyri, and in patients
with post-central lesions who served as clinical control subjects relative to intact
subjects.
To assess the possibly differential contribution of the frontal lobes in mainte-
nance and strategic monitoring, the three groups were each tested on recognition
and classification working memory tasks. The tasks were embodied in a clinically
adapted version of a dual-task paradigm used in a previous study (H€albig et al.,
1998). Similar to other recent lesion studies on temporal processing (Casini & Ivry,
1999; Mangels et al., 1998; Nichelli et al., 1995). working memory was tested for
durations in the millisecond range. Both the recognition and the classification tests
had encoding and storage components in common. They differed, however, re-
garding strategic task characteristics and retention intervals, with the classification
tasks placing additional demands on strategic relational processing and the rec-
ognition tasks placing additional demands by rather long retention intervals.
Based on recent evidence for the functional separability of temporal duration and
spatial information memories (H€albig et al., 1998; Schubotz & Friederici, 1997)
there was a corresponding spatial working memory condition, for each type of
temporal task. This should have allowed us to control for possible effects of the
nature of stimulus material as compared to the processing characteristics of the
task.
In the recognition memory tasks, subjects were required to indicate whether a
repeatedly presented visual stimulus was same or different in duration (temporal
recognition) or in location (spatial recognition). In the temporal task, the stimulus
was presented on all trials at the same spatial position, whereas presentation dura-
tions varied. In the spatial task, the same stimulus was shown on all trials for the
same duration, whereas spatial positions varied. The recognition tasks demanded
encoding of the presentation duration of a reference stimulus during the study phase,
maintenance across delay and during presentation of the test stimulus and a
comparison of reference and test stimulus resulting in a binary ‘‘same-different’’
decision.
In the classification tasks, a cross and a star were shown successively in random
order. Subjects had to indicate whether the star was longer in presentation duration
(temporal classification) or higher in position (spatial classification) than the cross.
As in the recognition tasks, the stimuli in temporal classification were shown over all
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trials at the same spatial position, while the presentation duration was fixed for
spatial classification. In comparison to the recognition task, the classification tasks
required more than the comparison of one item with another in memory. First,
during stimulus encoding, the crucial item information (i.e., duration or location)
had to be associated with the different object characteristics (that is, star or cross).
Furthermore, since the reference stimulus (star) appeared in half of the trials tem-
porally before the test stimulus (cross) and in the other half after the test stimulus,
the crucial item information had to be placed in a temporal context. Thus, the
classification task demanded not only attentional resources to form internal repre-
sentations of the crucial stimulus feature (i.e., temporal duration and spatial
position), but sustained attention as well to the varying stimulus context charac-
teristics.
Lesions in our frontal patients were restricted to the superior and middle frontal
gyri. Thus, they affected mid-dorsolateral areas of the prefrontal cortex, which are
supposed to mediate executive monitoring, irrespective of the type of information
(DEsposito et al., 1998; Owen et al., 1998; Petrides, 1996). We therefore predicted a
higher degree of impairment on temporal classification tasks as compared to tem-
poral recognition tasks.
If deficits in temporal memory after frontal lesions are secondary to executive
dysfunctions, and thus reflect a supramodal deficit (Mangels, 1997; Mangels et al.,
1998; Shimamura et al., 1990), domain-specific deficits should not occur as long as
process-specific parameters are held constant. Yet, acquisition and representation of
temporal information in neural systems presumably differ fundamentally from the
processing of object or spatial stimulus features. Representations of temporal du-
ration are acquired dynamically, demanding attentional gating until stimulus off-set
and thus are specifically sensitive to the use of effective encoding and attentional
allocation strategies (Gilliland & Martin, 1940; Kileen & Weiss, 1987; Niki & Wa-
tanabe, 1979; Zakay & Block, 1996). Since the classification task demanded addi-
tional strategic monitoring of attentional resources, a higher degree of impairment in
frontal lobe patients is predicted for temporal duration classification as compared to
the spatial task.
Both types of classification and recognition tasks were combined in a dual-task
design, with the classification tasks to be performed during the recognition tasks
retention intervals. Findings of a previous study (H€albig et al., 1998) revealed that
temporal and spatial working memory are subject to selective interference when
concurrent tasks of the same informational domain are performed. Based on these
findings for the temporal and spatial recognition tasks, we predicted selective in-
terference produced by the temporal and spatial classification task respectively.
Moreover, as far as the prefrontal cortex is specifically involved in temporal mem-
ory, frontal lobe patients selective interference effects on temporal recognition caused
by concurrent temporal classification should be more pronounced than selective
interference on spatial recognition.
2. Method
2.1. Participants
Patients were recruited from the clinical archives of the Departments of Neuro-
surgery of the Ludwig-Maximilians University of Munich and the Free University of
Berlin. In the search for right-handed patients with well defined unilateral focal le-
sions, we chose patients whose lesions resulted as a consequence of surgical resection
of a tumour. We excluded patients who were older than 55 years, those with multiple
lesions or tumours of high malignancy and those receiving radiation therapy.
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Patients who showed visual field defects or who had signs of visual neglect were also
excluded. Table 1 represents a summary of the relevant clinical data on both the
frontal and the clinical control patients who were chosen for participation in the
study. All patients gave informed consent after the nature of the procedure had been
fully explained.
The final experimental group of frontal patients included nine subjects with
frontal lesions, all affecting the superior or middle frontal gyri (Table 1). Five pa-
tients with post-central lesions were selected as clinical control subjects (Table 1).
Ten paid volunteers matched for age, educational level and handedness served as
controls. The frontal patients mean age was 38.1 years (SD 7.77), whereas that of the
clinical controls was 35.4 years (SD 7.54). and that of the healthy controls 36.1 years
(SD 7.48). Participants of each group had a mean of 12.4 (SD 1.34) years of edu-
cation.
All but one participant (PAT 03) were free of any neurological symptoms at the
time of the study. PAT 03 exhibited mild inferior paresis. Five of the patients were
receiving anticonvulsant medication (PAT 01, 06, 14, 15, 16). The frontal patients
were studied on average 28.8 months (SD 16.0) whereas the clinical control patients
were tested on average 28.4 months (SD 13.97) after surgery.
Table 1
Clinical data of 14 patients participating in the study
Patient Sex Age Lesion
side
Lesion locationa Medical diagnosis
Frontal group
PAT 01 f 48 L F1c Astrocytomab
PAT 02 f 28 L F1/F2c Astrocytomab
PAT 03 f 38 R F1/F2c Astrocytomab
PAT 04 f 32 R F1c Cavernous
malformation
PAT 05 f 34 L F1/F2c Astrocytomab
PAT 06 f 41 R F1c Astrocytomab
PAT 09 m 37 R F1c Cavernous
malformation
PAT 14 m 52 R F1/F2c Astrocytomab
PAT 18 f 33 L F1c Astrocytomab
Clinical control group
PAT 07 f 28 R Paramedian portion




PAT 10 f 35 L Inferior portion of the
post-central gyrus
Astrocytomab
PAT 13 f 48 R Post-central gyrus and





PAT 15 f 34 R Paramedian of the
pre- and post-central
gyri, extended white
matter lesions due to
perifocal edema
Astrocytomab
PAT 16 f 32 L Gyrus supramarginalis,
gyrus angularis, and
posterior portion of the
superior temporal gyrus
Astrocytomab
a F1: Superior frontal gyrus; F2: Middle frontal gyrus.
bWHO ll.
c See Fig. 1.
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For the 14 patients who participated in the study, magnetic resonance imaging
(MRI) was performed to determine lesion size and location at the time of the study.
Fig. 1 shows images of the lesioned area in each of the frontal patients.
Fig. 1. Magnetic resonance images (MRI) of the lesioned area in each of the frontal patients. Image order
from top to bottom corresponds to patient order as presented in Table 1. Note that for PATs 01, 02, 03,
06, 18, axial T1-weighted images are presented, whereas for PATs 04, 05, 09, 14, axial T2-weighted images
are shown.
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2.2. Experimental design
2.2.1. Recognition tasks
In the study phase of the temporal recognition task (Fig. 2), a dot was presented in
the center of the screen with a duration of either 400, 700, or 1000ms. The subjects
were asked to memorize this duration. During the basic-delay that amounted to
6850ms, a fixation cue was shown in the center of the screen and subjects merely had
to wait for the upcoming test stimulus. After the retention interval, the dot was
presented again with a duration of either 400, 700, or 1000ms. Presentation duration
was either identical to the study phase duration (with a probability of .50) or not.
The subjects task was to press one of two response buttons when the duration was
the same as in the study phase (old trials), and the other when it was not (new trials).
Responses were required within a 4700ms interval from stimulus onset and the
subjects were provided with feedback (Correct, False, No response) that remained
on the screen for 400ms.
Duration discrimination of a test stimulus against reference stimulus differs from
old-new binary decisions on spatial or object features concerning experimental
timing characteristics. In contrast to old-new decisions in the spatial tasks, the de-
cision in old-trials in the temporal tasks is not possible before the presentation of the
entire duration of the test stimulus, and in new-trials not before presentation of at
least the duration that corresponds to the duration of the shorter of both the study
and the test stimulus. Thus, in our tasks, the effective response intervals amounted
counterbalanced to 3700, 4000, and 4300ms, respectively.
The same dot was shown in the spatial recognition task (Fig. 2) with 350ms du-
ration at one position of a 5 5 non-visible grid (side lines 15 cm). The subjects task
was to memorize the position of the dot. After a retention interval of the same length
as in the temporal primary task, the same dot was shown again at one of the 25 grid
positions. The dot position was either identical to the study phase position (with a
Fig. 2. Schematic drawing of the temporal and spatial recognition tasks. In all temporal tasks the stimuli
were presented in the center of the screen whereas presentation duration varied randomly (400, 700, or
1000ms). The stimulus position in the spatial tasks, in comparison, varied randomly, whereas presentation
duration was fixed (350ms).
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probability of .50) (old trials) or not (new trials). Responses had to be given within
4000ms interval from stimulus onset. Feedback presentation was the same as in the
temporal memory task.
2.2.2. Classification tasks
In the temporal classification task (Fig. 3), a cross and a star were shown suc-
cessively in random order in the center of the screen. The ISI amounted to 1500ms.
The first stimulus was presented with a duration of 600 or 700ms. Presentation
duration of the second stimulus was either 300ms longer or shorter. Subjects were
instructed to indicate whether the star was presented for a longer duration than the
cross (with a probability of .50) or not and to respond by pressing a response button.
A feedback stimulus (duration: 400ms) was given 2500ms after the onset of the
second test item. As in the temporal recognition tasks, classification after presen-
tation of the second stimulus was not possible before presentation of at least the
duration that corresponded to the duration of the shorter of both stimuli. Thus the
effective duration of the response intervals in the temporal classification tasks was
1800, 1900, 2100, and 2200ms, respectively.
For the spatial classification task (Fig. 3), the star and the cross were shown
successively in random order for 400ms with an ISI of 500ms.3 Both items were
located at two of 16 different and equally spaced positions of a non visible grid (side
lines 12.5 cm). Subjects had to indicate whether the star was presented above the
position of the cross (with a probability of .50) or not and received feedback 1800ms
after stimulus onset. Based on the different timing characteristics of the secondary
Fig. 3. Schematic drawing of the temporal and spatial classification tasks. In all temporal tasks the stimuli
were presented in the center of the screen whereas presentation duration varied randomly (600 or 700ms
for the first stimulus and 300, 400, 900, or 1000ms for the second stimulus). The stimulus position in the
spatial tasks, in comparison, varied randomly, whereas presentation duration was fixed (400ms).
3 Just as several previous lesion studies (Kesner et al., 1994; Milner et al., 1991; Shimamura et al., 1990)
comparing temporal and item memory have had, results of a pilot study for the present experiment yielded
the problem of designing temporal and spatial tasks of an equivalent level of difficulty. Thus the use of
different ISIs in spatial and temporal classification tasks was a necessary compromise in order to adjust
general difficulty in both task conditions.
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task stimuli, the primary task retention intervals amounted counterbalanced to 8000
and 8100ms for temporal classification, 6100ms for spatial classification, and
6850ms for the basic delay condition.
2.2.3. Recognition-classification dual-task schema
Recognition and classification tasks were embodied in a dual-task design, with the
classification tasks to be performed during the retention intervals of the recognition
tasks (Fig. 4). Thus, for both, the spatial and the temporal recognition tasks, there
were three types of secondary task conditions: temporal classification, spatial clas-
sification and a basic delay condition, where subjects merely had to wait for the
upcoming recognition task stimulus. Secondary tasks were separated from the pre-
ceeding recognition study phase and the following recognition test phase by delays of
2000 and 1000ms, respectively, where the screen remained blank. Based on the
different timing characteristics of the secondary task stimuli, the primary task re-
tention intervals amounted counterbalanced to 8000 and 8100ms for temporal
classification, 6100ms for spatial classification, and 6850ms for the basic delay
condition.
2.2.4. Stimuli
The presentation of the memory tasks was produced by a Pentium 90 computer
with a 1200 monitor. The onset of the recognition tasks was indicated by a light gray
circle of 6mm in diameter that appeared for 1500ms in the center of the screen. A
dot of 24min diameter presented in light gray against a dark gray background was
used for both recognition tasks. The cross and the star used in the classification tasks
were 22mm in diameter. The gray circle which indicated trial onset was used as
delay-task fixation cue. To ensure that the recognition task phases and the classifi-
Fig. 4. Schematic drawing of the dual-task design comprised of temporal and spatial recognition tasks and
three types of secondary tasks. Secondary tasks had to be performed during the retention interval of the
recognition tasks. Thus, for both, the spatial and the temporal recognition tasks, there were three types of
secondary task conditions: Temporal classification, spatial classification, and a basic delay condition,
where subjects merely had to wait for the upcoming recognition task stimulus. The experimental design
allowed the assessment of memory performance at different levels: Firstly, simple temporal and spatial
recognition memory as tested by a recognition basic delay condition, further, temporal and spatial clas-
sification, and finally, performance on both, the temporal and spatial recognition tasks as a function of
classification tasks.
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cation task could be clearly distinguished by the subjects, the classification task
stimuli were presented in white on a light gray background.
2.2.5. Procedure
Subjects were tested individually in one experimental session lasting 75min. The
session consisted of two parts separated by a break of 15 min. Either the temporal or
the spatial recognition task combined with the three different types of secondary
tasks had to be performed in each part. The three types of trials within each part
were presented as three blocks, beginning with the delay-task condition, followed by
the incongruent classification task condition. Finally, the condition with the con-
gruent classification task was presented. Blocks were separated by short breaks.
In each part, 48 trials were given in three blocks with 24 trials for the delay-task
condition, and 12 trials each for the classification conditions which were used for
statistical analyses. In addition, there were 4 practice trials at the beginning of each
block. In order to prevent verbal receding of the three stimuli in the study phase of
the temporal recognition task (e.g., short, medium, and long), there were 3 addi-
tional ‘‘catch’’ trials with stimulus durations of either 200 or 1200ms in the study
phases of each temporal recognition task block. To parallel the total trial number in
both primary tasks, 3 trials were added to the spatial recognition task blocks.
The subjects were comfortably seated in a quiet and dimly lit room at a distance of
45 cm from the monitor and placed their thumbs on the response keyboard. The ex-
perimental sessions began with oral and written instruction. Subjects were told that
accuracywasmore important than response speed.On trials where theywere uncertain
about the correct response, subjects were instructed to make their ‘‘best estimate.’’
Following the instruction there was a practice session that consisted of a shortened
version of the experiment proper. Practice blocks were comprised of 12 trials.
3. Results
3.1. Recognition task performance—delay-condition
Fig. 5 displays accuracy data on the recognition tasks delay-condition, where no
concurrent classification task had to be performed, for each group separately. Two-
Fig. 5. Performance on spatial and temporal recognition tasks (delay condition) separately for clinical
control group (n ¼ 5), healthy control group (n ¼ 10), and frontal group (n ¼ 9). Bars represent mean
accuracy and standard error of the means.
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way repeated measure ANOVAs with factors group (2 levels) and informational type
(2 levels) were used to determine effects of prefrontal cortex damage on temporal and
spatial memory relative to the healthy control group.
Results exhibit a significant effect of informational type (F ð1; 17Þ ¼ 20:85,
p < :0001), indicating higher performance levels for spatial than for temporal rec-
ognition tasks. For the effect of group, the analysis revealed a mild trend but did not
reach significance (F ð1; 17Þ ¼ 3:57, p ¼ :08). Thus, performance of the frontal group
was slightly impaired as compared to the healthy control group. What is more im-
portant is that the analysis did not yield an interaction group x informational type
(F ð1; 17Þ ¼ 1:15, p ¼ :30), showing that there was no selective degradation for either
the temporal or the spatial recognition task in frontal patients.
Due to smaller sample size, the Mann–Whitney U test was used to determine
effects of post-central cortical lesions on temporal and spatial recognition as com-
pared to performance of healthy control subjects. Results did not show differences
for both types of task (temporal: U ¼ 28:5, p ¼ :87; spatial: U ¼ 22:0, p ¼ :43), in-
dicating that post-central lesions did not lead to significant degradation on either
temporal or spatial recognition tasks.
3.2. Recognition performance as function of classification task conditions
Fig. 6 displays the mean accuracy for the temporal and spatial recognition tasks
as a function of the three classification tasks separately for each group. Two-way
repeated measure ANOVAs with factors recognition task (2 levels) and classification
task (3 levels, including the basic delay condition) were used to determine interfer-
ence effects produced by the three classification tasks on spatial and temporal rec-
ognition tasks. Interactions were assessed by planned t tests for paired samples. For
the clinical control group Wilcoxons signed-rank test was used.
As apparent from Fig. 6, the overall performance level in the healthy control group
was higher for the spatial than for the temporal recognition task (F ð1; 9Þ ¼ 12:36,
p < :007). As revealed by a significant effect of classification task (F ð2; 18Þ ¼ 4:13,
Fig. 6. Performance on spatial and temporal recognition tasks as a function of classification task (CT)
conditions (delay, time, and space) separately for clinical control group (n ¼ 5), healthy control group
(n ¼ 10), and frontal group (n ¼ 9). Bars represent mean accuracy and standard error of the means.
Asterisks denote significant differences between performance on the temporal or spatial recognition delay
conditions and the temporal and spatial classification conditions for each group separately.
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p ¼ :03), recognition task performance was differentially affected by the three clas-
sification tasks. Furthermore, a significant interaction recognition task x classifica-
tion task was obtained (F ð2; 18Þ ¼ 7:34, p ¼ :005). t tests for paired samples revealed
that spatial memory task performance was degraded by a spatial classification task
as compared to the delay condition (tð9Þ ¼ 4:02, p ¼ :003) but not by a temporal
classification task (tð9Þ ¼ :71, p ¼ :49). In contrast, no interference effects were ob-
tained for the temporal recognition tasks (delay x spatial classification: tð9Þ ¼ :39,
p ¼ :70; delay x temporal classification (tð9Þ ¼ :12, p ¼ :91). The latter result reflects
that, under the temporal classification condition, performance was as good as under
the delay condition.4
For the frontal group, the ANOVA revealed significant effects of recognition
(F ð1; 8Þ ¼ 6:24, p < :04) and classification task (F ð2; 16Þ ¼ 4:42, p ¼ :03) as well as
an interaction (F ð2; 16Þ ¼ 11:14, p < :001). Subsequent t tests showed selective in-
terference for both the spatial and the temporal recognition tasks. Temporal rec-
ognition task performance was degraded when the temporal classification task had
to be performed as a secondary task (tð8Þ ¼ 3:43, p < :01), but not when a spatial
classification task served as a secondary task (tð8Þ ¼ :12, p ¼ :91). Whereas spatial
recognition task performance was degraded when a spatial classification task had to
be performed as a secondary task (tð8Þ ¼ 3:60, p < :01), but not when a temporal
classification task served as a secondary task (tð8Þ ¼ :00, p > :99).
For the clinical control group, Wilcoxons signed-rank test revealed that perfor-
mance on the temporal recognition task was selectively degraded by a temporal
classification task (z ¼ 1:99, p < :05), but not by a spatial classification task
(z ¼ :31, p > :05). Performance on the spatial recognition task was degraded 13%
on average by a spatial classification task. However, presumably due to the high
degree of variance of the relatively small sample (n ¼ 5), statistical analysis did not
reach significance (z ¼ 1:61, p ¼ :11). In contrast, spatial performance was not
degraded by a temporal classification task (z ¼ :40, p ¼ :69).
3.3. Classification performance as function of recognition task conditions
Before assessing classification task data with respect to differential effects of
cortical lesions, we analyzed classification task performance of each group for se-
lective interference effects possibly caused by the preceding recognition task study
phases. Two-way repeated measure ANOVAs with factors recognition task (two
levels) and classification task (two levels) were used for frontal and healthy control
group each and, due to smaller sample size, the Wilcoxon signed-rank test for the
clinical control group. Fig. 7 displays the percentage of correct classifications in the
classification tasks as a function of the preceding recognition task study phases for
each group separately.
4 In the present study, healthy controls showed domain-specific interference only for the spatial domain.
Their good performance on the temporal task contrasts with results of a previous study on young intact
subjects (H€albig et al., 1998). The failure to produce selective interference in both informational domains
might reflect methodical differences between both studies. Note that, for the application of the
experimental design in patients, modifications of task parameters were necessary. For example, we selected
response intervals that were 2000ms longer in duration than in the original version. Furthermore, in the
present experiment, subjects were tested in one experimental session with a smaller number of trials per
block. Finally, healthy subject groups in both studies differed with respect to education, sample size
(n ¼ 24 vs. n ¼ 10 in the present study), and mean age (26.3 years vs. 36.1 years in the present study). As
revealed by descriptive single case analysis of healthy control subjects, the latter factor might have
accounted for performance differences. Selective interference on temporal recognition produced by a
temporal classification task—when compared to spatial classification—was found in 3 subjects out of the
subgroup of younger subjects (n ¼ 5; mean age¼ 30.8 years) and in only 1 subject out of the subgroup of
older subjects (n ¼ 5; mean age 41.4 years).
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The difficulty level in both classification tasks was rather low as indicated by the
performance of the healthy control group (>90% correct answers for both types of
classification task). ANOVAs gave rise to significant effects of classification task,
(frontal: F ð1; 8Þ ¼ 24:66, p < :001; healthy control: F ð1; 9Þ ¼ 8:24, p < :02) indicat-
ing higher performance levels in the spatial classification task for both the frontal
and the healthy control group. However, neither effects of recognition task (frontal:
F ð1; 8Þ ¼ :07, p ¼ :79); healthy control: F ð1; 9Þ ¼ 1:33, p ¼ :28), nor interactions
were obtained (frontal: F ð1; 8Þ ¼ :16, p ¼ :70; healthy control: F ð1; 9Þ ¼ :13 p ¼ :76),
reflecting that there were no proactive interference effects by the preceding recog-
nition task study phases on the two different classification tasks.
The same result was obtained for the clinical control group. Wilcoxons signed-
rank test revealed that there were no specific effects of spatial and temporal recog-
nition task study phase on temporal (z ¼ :45, p ¼ :65) or spatial classification task
(z ¼ 1:0, p ¼ :32) performance.
Fig. 7. Performance on spatial and temporal classification tasks as function of the spatial and temporal
recognition tasks (RT) separately for clinical control group (n ¼ 5), healthy control group (n ¼ 10), and
frontal group (n ¼ 9). Bars represent mean accuracy and standard error of the means.
Fig. 8. Performance on spatial and temporal classification tasks pooled over both recognition task con-
ditions separately for clinical control group (n ¼ 5), healthy control group (n ¼ 10), and frontal group
(n ¼ 9). Bars represent mean accuracy and standard error of the means. Asterisks denote significant
differences from the performance of the healthy controls.
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3.4. Classification performance—overall
Fig. 8 shows the effects of cortical lesions on spatial and temporal classification
tasks relative to healthy control subjects for both patient groups. For each classifi-
cation task, data were collapsed over both recognition task conditions. Two-way
repeated measure ANOVAs with between-subject factor group (two levels) and
within-subject factor informational type (two levels) were performed for the quan-
tification of differences between memory performance of frontal patients and healthy
control subjects.
The effect of group (F ð1; 17Þ ¼ 11:10, p < :004) was significant, indicating dif-
ferent performance levels for the frontal and the control group. As revealed by a
significant effect of informational type (F ð1; 17Þ ¼ 34:98, p < :001), classification
task performance was different for spatial and temporal tasks. The key result was a
highly significant interaction group x informational type (F ð1; 17Þ ¼ 12:08,
p < :003), showing that between-group differences varied as a function of informa-
tion type. t Tests for independent samples were used to further elucidate the latter
interaction. Compared to healthy control subjects, subjects with frontal cortex
damage were impaired in the temporal duration classification (D ¼ 19:3%;
tð10; 54Þ ¼ 3:36, p < :007), but not in the spatial location classification (D ¼
1:5%; tð17Þ ¼ 1:03, p ¼ :32).
In order to test for statistical differences between clinical and healthy control
group, the Mann–Whitney U test was used. Though patients with post-central le-
sions did perform on average 10% lower than healthy controls, the statistical analysis
did not yield differences on the spatial (U ¼ 27:5, p ¼ :72) and temporal tasks
(U ¼ 22:5, p ¼ :41). Thus, post-central cortical lesions did not lead to a significant
degradation on either temporal or spatial classification.
4. Discussion
Based on findings indicating the importance of the frontal lobes for temporal
information processing (Casini & Ivry, 1999; Fuster, 1985; Mangels et al., 1998;
Milner, Petrides, & Smith, 1985; Nichelli et al., 1995; Shimamura et al., 1990) the
aim of the present study was to examine more specifically the nature of the temporal
processing deficits observed in frontal lobe patients. Given the involvement of the
frontal lobes in executive monitoring functions on the one hand (Fuster, 1989; Owen
et al., 1998; Petrides, 1996), and the observation that temporal processing deficits
after frontal lobe lesions appear to depend on task characteristics on the other
(Casini & Ivry, 1999; Mangels, 1997; Mangels et al., 1998; Shimamura et al., 1990),
we set out to test the hypothesis that impairments of duration processing after
frontal lobe lesions reflect deficits in executive monitoring functions rather than a
domain-specific deficit in encoding and maintenance of duration information in
working memory.
Patients with frontodorsal lesions restricted to the superior or middle frontal gyri,
patients with post-central lesions who served as clinical control subjects, and intact
subjects were each tested on recognition and classification tasks. While recognition
tests should allow for testing encoding and maintenance of information in working
memory, classification tests placing additional executive demands were thought to
test for the role of the frontal cortex in strategic monitoring. Since the tasks were
embedded in a dual-task design, we shall discuss differential results obtained on
recognition and classification tasks as well as interference effects among both of the
tasks.
First of all, performance in all groups was overall worse on recognition tasks than
on classification tasks. This might result from differences of the retention intervals in
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both task types. Remember that retention intervals in the recognition task amounted
to more than 7 s, whereas in the classification task the retention intervals were in the
millisecond range.
4.1. Recognition tasks
The experiment showed that on recognition tests, where subjects had to indicate
whether the study and the test stimuli were same or different in duration (temporal
recognition) or in location (spatial recognition), the performance of the clinical
control group did not differ significantly from the healthy control group. Frontal
lobe patients were slightly impaired on both the temporal and the spatial condition.
The statistical analysis revealed a mild trend without reaching significance. More
important for the focus of this study, frontal lobe lesions did not affect performance
on temporal and spatial tasks differentially.
The importance of the frontal lobes for working memory functions on delay tasks
had been demonstrated earlier in lesion-, imaging- and electrophysiological studies
on humans and non-human primates (Fuster, 1984; Fuster, 1991; Goldman-Rakic,
1994; Rypma, Prabhakaran, Desmond, Glover, & Gabrieli, 1999; Verin et al., 1993;
Wilson et al., 1993). The result of a non-specific degradation of working memory
functions after frontal lobe lesion is compatible with recent studies indicating poor
performance after frontal lobe lesions on temporal as well as on non-temporal tasks
(Casini & Ivry, 1999; Mangels et al., 1998), especially when long ISIs were used. For
example, Mangels et al. (1998) reported that frontal lobe patients impairments on
both duration estimation and frequency discrimination depend more on the length of
time that the information must be maintained in working memory than on the type
of information itself. Comparing performance on short- (400ms) and long-range
ISIs (4 s), the frontal lobe patients showed impairments for both task dimensions on
the long-range condition. Similarly, in the present study where recognition task ISIs
were even longer (>6 s), deficits on duration recognition in the frontal group were
non-selective to the temporal domain. Since there is evidence that performance on
delay tasks depends on the duration of the retention interval, it is conceivable, al-
though speculative, that the frontal group might not have been impaired at all on
tasks using delay durations in the millisecond range. However, within the context of
the current experimental design using long delays, the present data support the
notion of a non-specific involvement of the frontal lobes in recognition, irrespective
of the type of information.
4.2. Recognition tasks under dual-tasks conditions
On the recognition tasks under dual-task conditions, neither patient group showed
a general performance drop when concurrent classification tasks had to be performed
during the delay. For both the temporal and spatial recognition tasks, interference
effects caused by concurrent classification were selective to the type of information to
be processed during classification. Temporal recognition was selectively impaired by a
temporal classification task but not by spatial classification, and spatial recognition
was impaired by a spatial classification task but not by temporal classification. This
result obtained for both patient groups is comparable to domain-specific interference
effects reported for normal subjects (H€albig et al., 1998). The finding that concurrent
recognition and classification within the same trial per se did not lead to poorer
performance indicates that our frontal lobe patients basically were able to cope with
the strategic demands of the dual-task setting. Since interference only occurred when
information of the same domain had to be processed on both tasks within a trial, it
appears that the critical factors were not related to executive task demands but rather
to concurrent memory load from the same informational domain.
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The classification tasks were restricted to the retention interval of the recognition
task where the rehearsal component can be assumed dominant. As far as the pre-
frontal cortex is specifically involved in rehearsal processes mediating temporal
duration memory, lesions should have lead to a disproportional degradation on
temporal recognition when the underlying systems were taxed by concurrent tem-
poral processing. This was not the case in our frontal lobe patients. In spite of the
significantly higher level of difficulty of the temporal task, the size of selective in-
terference in frontal patients was nearly symmetrical for both the temporal
(D ¼ 21%) and the spatial domain (D ¼ 16%). This fact challenges the hypothesis of
a privileged role of the prefrontal cortex as a storage site for temporal information,
at least when compared to spatial memory.
4.3. Classification tasks
In contrast, on the classification tests, which had to be performed during the re-
tention phase of the recognition task, only frontal patients were impaired, showing a
marked selective performance drop (D ¼ 19:2%) compared to healthy controls when
they had to classify if one of two different successively shown stimuli was longer in
presentation duration (temporal classification) than the other. Like clinical controls
the frontal patients performed within the range of healthy control subjects on the
spatial classification test, i.e., when they had to classify if one of two successively
shown stimuli was higher in position.
Although we had hypothesized greater impairment on temporal classification
than on spatial classification for the frontal group, impairments on the spatial task
were also expected. The level of difficulty for both the temporal and the spatial
classification task can be considered as rather low. Nevertheless, all groups had
relatively more difficulty on the temporal classification task (healthy control: 92%)
than on the spatial classification task (healthy control: 98%). Thus, it is possible that
the temporal duration task was more sensitive to frontal damage than the spatial
classification task simply because of its higher degree of difficulty. This would be
consistent with evidences that frontal lesions produce larger effects on demanding
memory tests than on simpler ones (Wheeler, Stuss, & Tulving, 1995). Yet the design
of temporal and spatial tasks involved identical encoding and response principles.
They differed only with regard to the type of information to be manipulated and—for
demands resulting from the highly complex dual-task design—the delay. We cannot
exclude that the latter factor might have accounted for the higher degree of sensi-
tivity of the temporal task in frontal lobe patients.3 However, since several other
lesion studies (e.g., Kesner et al., 1994; Milner et al., 1991; Shimamura et al., 1990)
also reported differences in the difficulty of temporal and item memory tasks, it
appears that temporal information processing in working memory generally taxes
more cognitive resources than the processing of other types of information. Not-
withstanding, the frontal group shows the largest relative within-group difference
between performance on temporal and spatial classification.
4.4. General discussion
The marked selective degradation on temporal duration classification in frontal
lobe patients contrasts with their only marginally impaired performance on temporal
recognition. One explanation for the different performance on temporal classification
and temporal recognition might be related to characteristics of the dual-task design.
In contrast to the recognition task baseline condition, the classification tasks were to
be performed during the retention phase of the recognition tasks. Although subjects
were instructed to perform well on both tasks, it is possible that they focused pri-
marily on the recognition task. In this case, attentional resources might have allowed
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sufficient performance on the recognition tasks but not for classification. In order to
explain the full performance pattern by such a trade-off in resource allocation, we
would have to assume that the different degrees of difficulty in the recognition tasks
affected classification task performance differentially. Remember, the temporal rec-
ognition tasks had a significantly higher degree of difficulty than the spatial recog-
nition tasks (D ¼ 14%, p < :0001). The possibility of an effect of recognition task on
classification performance, however, was ruled out by statistical analysis. Perfor-
mance on both the temporal and the spatial classification tasks was not differentially
affected by the study phase of the preceding temporal and spatial recognition tasks.
Different performance patterns in classification and recognition tasks are therefore
unlikely to be attributed to problems of resource allocation during performance on
the temporal classification tasks.
We assume rather that impairments on the temporal classification task with
basically preserved performance on recognition tasks are caused by defective
strategic monitoring. The importance of the prefrontal cortex for strategic moni-
toring functions is well known (Baddeley, 1986; Fuster, 1989). It has been shown
that frontal lobe patients perform poorly on a large variety of working memory
tests when the tests meet certain conditions related to executive monitoring (Fuster,
1989; Petrides, 1996; Shimamura et al., 1990). Even if in the present study rec-
ognition and classification tasks involve similar encoding, maintenance and re-
trieval operations, they differed regarding important task characteristics which
theoretically might have affected performance differentially. For instance, in the
recognition tasks, the ISI amounted to 6 s whereas ISIs in the classification tasks
were rather short (1500ms). A previous study using a somewhat different design
(Mangels et al., 1998) revealed that performance on temporal duration and non-
temporal tasks after frontal lobe lesions was degraded as a function of the length
of the delay for which information has to be maintained, with impaired perfor-
mance for longer delays in the range of 4 s and basically preserved performance in
the ms range. In fact, in the present study, frontal lobe patients showed a marked
selective impairment on the temporal classification task in spite of rather short ISIs
(1500ms), whereas performance on both the temporal and the spatial recognition
task, where the ISI amounted to 6 s, were only slightly impaired. Therefore, the
marked selective performance drop on the temporal classification task cannot be
explained by delay differences.
The differential outcome of classification and recognition tasks is much more
likely to result from task differences more closely related to their strategic char-
acteristics. Remember that, in comparison to the recognition tasks, the crucial
input characteristics in classification tasks had to be associated with different object
features (star, cross). Furthermore, in contrast to the recognition task where the
reference stimulus always appeared first in order, the reference stimulus (star) in
the classification task was shown in half of the trials temporally before the test
stimulus (cross) and in the other half after the test stimulus. Thus, the classification
task, demanded not only attentional resources to form internal representations of
the crucial stimulus feature (i.e., temporal duration and spatial position, respec-
tively) but, at the same time, sustained attention to the varying stimulus context
characteristics. The view that these higher strategic demands of the classification
tasks might account for the frontal patients deficits on the temporal classification
tasks is in accordance with recent findings showing impaired performance on
temporal tasks also related to attentional demands (Casini & Ivry, 1999; Mangels,
1997).
Since lesions in our frontal patients were restricted to the superior and middle
frontal gyri, the interpretation of impaired temporal processing related to executive
task demands is compatible with recent research suggesting that maintenance and
monitoring components involve different frontal regions, with mid-dorsolateral
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portions of the prefrontal cortex mediating executive functions and mid-ventrolat-
eral portions mediating maintenance (DEsposito et al., 1998; Owen et al., 1998;
Petrides, 1996; Postle et al., 1999). Nevertheless, the assumed organizational deficits
seem to be selective to processes that are involved in temporal processing and not in
non-temporal tasks (for a comparable result on temporal order tasks see Mangels,
1997). Indeed, there is evidence that acquisition, representation, and processing of
temporal information in neural systems presumably differ from the processing of
object or spatial stimulus features. For example, unlike stimulus dimensions like
color and shape, temporal representations are acquired dynamically subserved by
the use of effective encoding and monitoring strategies (Gilliland & Martin, 1940;
Kileen & Weiss, 1987) and are thus specifically sensitive to attentional manipulations
(Casini & Ivry, 1999; Mangels et al., 1998; Zakay & Block, 1996). The involvement
of these strategic operations might have rendered the executive monitoring of du-
ration information more sensitive to frontal lobe damage than the respective oper-
ations on spatial information.
In summary, the recognition task data of moderately impaired performance on
both temporal duration and spatial location tasks after lesions of the superior and
middle frontal gyri do give evidence for a non-specific involvement of these portions
of the prefrontal cortex in maintenance of temporal information. This view is sup-
ported by the observation that selective interference on temporal recognition caused
by temporal classification was not more pronounced than interference due to the
respective spatial tasks. In contrast, on the classification tasks, frontal lobe patients
showed a marked selective deficit in temporal information processing. Taken to-
gether, both results give further evidence for the hypothesis that impairments in
temporal processing after frontal lobe lesions are secondary to deficits in strategic
monitoring functions (Casini & Ivry, 1999; Mangels, 1997; Shimamura et al., 1990).
Our findings are compatible with the view that the functional significance of the
prefrontal cortex for the processing of temporal information has to be described as
rather process- than domain-specific. Accordingly, the prefrontal cortex appears to
mediate executive monitoring of temporal information in the same manner as other
types of information, with basic encoding and maintenance functions realized by
other neural structures (Owen et al., 1998; Petrides, 1996). On the other hand, since
strategic monitoring of temporal information after frontal lobe lesions seems to be
more easily impaired than other informational domains, the contribution of pre-
frontal cortex to temporal processing is ‘‘domain-specific’’ in the sense that temporal
representation formats require strategic monitoring operations that are specific to
the temporal domain.
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